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HYPOXIA IS A LIFE-THREATENING STRESS that must be dealt with at both cellular and systemic levels. In the lung, hypoxia is the natural consequence of some environments, e.g., high altitude, but is also a common feature of many respiratory diseases resulting from inadequate alveolar ventilation, as observed in chronic obstructive lung disease or in pulmonary edema due to heart failure or acute lung injury (18) . Because of a relatively high incidence of obstructive disease in United States and in Europe, many humans deal with alveolar hypoxia as an every day occurrence, and the alveolar epithelium that is directly exposed to decreased oxygen tension expresses a multitude of adaptive responses at the cellular and molecular levels as strategies to minimize the deleterious effects of hypoxia.
In vivo and in vitro studies reported that lung cells are relatively tolerant to severe and prolonged hypoxia with no change in the ultrastructural characteristics or cell viability or ATP content (36) . In several cell types, tolerance to hypoxia has been assumed to be the result of the ability of the cell to cope with a decrease in available energy due to the limitation of oxidative phosphorylation by adaptive strategies that maintain ATP supply (22) . There are two general mechanisms that cells invoke to maintain ATP level. First, they increase anaerobic glycolysis by upregulating glycolytic enzymes and glucose transporters and increase oxygen supply by increasing VEGF and angiogenesis. Second, they decrease the activity of some proteins that are ATP consuming, such as Na-K-ATPase, thus decreasing cellular respiration and oxygen demand. In addition, each organ may respond to hypoxia by regulating expression of specific genes that control organ-specific functions. Until the last decade, there was little information regarding the specific responses of alveolar epithelial cells to low O 2 tension. Recently, considerable work has been done to investigate molecular and cellular responses of the alveolar epithelium to O 2 deprivation. The focus of this study will be the molecular and cellular responses of alveolar epithelial cells to acute and prolonged hypoxia taking place to cope with oxygen deprivation.
Genes and Hypoxia
Hypoxia-inducible factors. Hypoxia-inducible factors (HIF) are central to the regulation of genes involved in hypoxic responses and adaptive processes. HIF-1 is a heterodimer composed of an oxygen-regulated HIF-1␣ subunit and of a constitutively expressed and O 2 -insensitive HIF-1␤-subunit also known as aryl hydrocarbon receptor nuclear translocator (Arnt) (64) . HIF complex activity is mainly mediated by protein stability of ␣-subunit. Under normoxic conditions, HIF-␣-subunit is constitutively expressed but rapidly degraded (when sufficient oxygen is present). Following a shift to a low oxygen environment, the ␣-subunit is stabilized and translocated to the nucleus. The regulation of ␣-subunit stability is mediated through a region referred to as oxygen-dependent domain (ODD). Under normoxic conditions, the ODD is recognized by the product of Von Hippel Lindau (pVHL) suppressor gene, a component of a multisubunit ubiquitin-protein ligase complex that tags the subunit with polyubiquitin to promote HIF-␣ degradation. When the cells are exposed to hypoxia, pVHL fails to recognize the HIF-␣ allowing HIF to accumulate. Once in the nucleus, HIF-␣ dimerizes with HIF-␤ and binds to the hypoxia-responsive element (HRE) located in the 3Ј-flanking region of hypoxia-inducible genes (9) ( Table 1) .
To date, three HIF-␣-subunits have been identified with variable tissue expression. HIF-1␣ is ubiquitinously expressed, whereas HIF-2␣, also designated as endothelial PAS domain protein-1 (EPAS-1), and HIF-3␣, which shares sequence identity with HIF-1␣ (15, 21, 54) , are restricted to specific tissues (21) . Except for the major difference in abundance and distribution between HIF-␣ isoforms, the regulatory characteristics of these proteins are similar.
In alveolar epithelial cells, the three isoforms of HIF-␣ are expressed, and each of them is regulated by hypoxia. In the ferret, HIF-1␣ expression was detected in the alveolar epithelium in vivo, and a maximal protein expression of HIF-1␣ was observed when the lungs were ventilated with 0 or 1% O 2 for 4 h (68). In vitro, alveolar epithelial cell lines exhibited minimal or no expression of HIF-1␣ under normoxic conditions, but short exposure to hypoxia (Ͻ 6 h) increased HIF-1␣ protein expression in a concentration-dependent manner with a maximal effect at 0.5% for 4 h (58). Interestingly, the temporal characteristics and responses of HIF-1␣ expression to varying O 2 concentrations were remarkably similar in vivo and in vitro. The presence of HIF-2␣ and of HIF-3␣, in alveolar epithelial cells, has been evidenced more recently (28, 48, 58) . HIF-2␣ was detected in primary and A549 alveolar epithelial cells (58) , whereas at this time HIF-3␣ was reported in A549 cells (28) .
The hypoxic regulation of HIF-2␣ and HIF-3␣ was similar to that observed with HIF-1␣ at least for short exposure with a maximal effect at 0.5% O 2 (28, 58) . The hypoxic induction of HIF-␣ proteins occurred with no change or moderate increase in mRNA levels, consistent with a transcriptional activation and an increase in protein stability as reported in other cell lines (66) . Interestingly, the three isoforms were reported to be differentially regulated during prolonged hypoxia. When A549 cells were exposed to more than 6 h of severe hypoxia, HIF-1␣ protein stimulation disappeared, whereas HIF-2␣ protein level remained high and stable (48, 58) . Also, a recent study showed that HIF-3␣ remained stable during sustained hypoxia in A549 cells in contrast to HIF-1␣ (28) . The decrease in HIF-1␣ stimulation during prolonged hypoxia was not specific for alveolar epithelial cells and was previously observed in other cell lines (17, 65, 67) . In alveolar epithelial cells, the mechanism whereby prolonged hypoxia induced a decrease in HIF-1␣ stimulation is complex and involves an interaction between HIF-␣ isoforms. Uchida et al. (58) demonstrated that decreased HIF-1␣ stimulation occurred through a reduction in HIF-1␣ mRNA stability due to the induction of HIF-1␣ natural antisense. During prolonged hypoxia, the natural antisense of HIF, aHIF, whose gene promoter contains several HRE sequences (46) , was induced, most likely due to HIF-2␣ since the level of HIF-1␣ protein decreased. The increase in aHIF led to destabilization of HIF-1␣, which, unlike HIF-2␣, contains AU-rich sequences in its 3ЈUTR region. These data indicate that HIF-2␣ protein is implicated into the destabilization of HIF-1␣ mRNA. This transregulation between HIF-1␣ and HIF-2␣ likely conveys target gene specificity. Hypoxia-induced increase in HIF-3␣ was very similar to that observed for HIF-2␣. HIF-3␣ stimulation was sustained during prolonged Cell cycle regulation ϩ Arrest in G1 phase Decrease proliferation
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Decrease Na transport Na-K-ATPase Downregulation Ϫ ␣, ␤, and ␥-ENaC Downregulation Ϫ hypoxia and occurred at the protein and mRNA levels due to protein stability and transcriptional activation (28) . The means by which cells sense reduced O 2 tensions and subsequently induce changes in HIF activity have been identified recently. This involves a dual mechanism of control through both stabilization and transactivation, regulated via prolyl and asparaginyl hydroxylation. The stability of HIF-1␣ is regulated principally through hydroxylation of proline residues by prolyl hydroxylase domain-containing proteins (PHDs) 1, 2, and 3. Under normoxia, two key proline residues of HIF-1␣ are hydroxylated by PHDs and after this modification, the pVHL gene recognizes and binds HIF-1␣, resulting in the recruitment of an E3 ubiquitin-protein ligase complex, causing ubiquitination and proteasomal destruction of HIF-1␣ (23, 24) . In addition to the domain regulating protein stability, HIF-1␣ contains two transactivation domains that bind coactivators including CBP and p300. Transactivation domain function is negatively regulated by O 2 independently of protein stability. HIF-1␣ transactivation domain is regulated by O 2 -dependent hydroxylation of asparagine, which blocks binding of coactivators CBP and p300. The factor inhibiting HIF-1 (FIH-1) inhibits HIF-1 transactivation domains and functions as the asparaginyl hydroxylase. Exposure of cells to hypoxia, cobalt chloride (CoCl 2 ), or the iron chelator desferrioxamine (DFX), induces both HIF-1␣ protein stabilization and transactivation.
In alveolar epithelial cells, HIF-␣ protein and hypoxiaregulated genes (glycolytic enzymes, GLUT1, and VEGF) are upregulated by O 2 deprivation as well as CoCl 2 and DFX, suggesting that the oxygen-sensing pathway, at least, involved an oxygen-and iron-dependent enzyme that could be the prolyl hydroxylase enzyme (16, 36, 38, 58) . The role of PHD in HIF-1␣ and HIF-2␣ protein stabilization was demonstrated in A549 cells using PHI-1, an HIF-PHD selective inhibitor (1) .
In recent years, much literature has emerged concerning the possible role of reactive oxygen species (ROS) in HIF induction. Despite conflicting results, there is evidence that hypoxia produces an increase in ROS that originate from mitochondria (10). Klimova and Chandel (26) have recently demonstrated that complex III in the electron transport chain was the main source of ROS involved in hypoxic response. The role of mitochondrial ROS has been addressed in the alveolar epithelial cell line, A549, by using mutant cells lacking mitochondrial DNA (0 A549 cells) or inhibitors of mitochondrial ROS. Schroedel et al. (50) showed that 0 A549 cells failed to accumulate HIF-1␣ protein in response to hypoxia. Similarly, Uchida and colleagues (58) reported that inhibitors of mitochondrial ROS, diphenyleneiodonium (DPI), or rotenone, dramatically reduced HIF-1␣ and HIF-2␣ protein accumulation with a major effect on HIF-1␣, suggesting that an intact mitochondrial respiratory chain was also required for HIF-␣ stabilization. By contrast, Vaux et al. (60) argued that a functional respiratory chain was not necessary for the regulation of HIF since hypoxia-induced HIF stimulation or GLUT1 mRNA induction were similarly observed in both wild-type cells and 0 cells.
The specific role of HIF isoforms in hypoxia-induced gene regulation in alveolar epithelial cells is not well defined. The observation of a differential regulation of HIF-1␣ and HIF-2␣ in the course of prolonged hypoxia suggests that the two isoforms may not be equivalent. The role of each HIF-␣ isoform in the regulation of hypoxia-regulated genes remains to be evaluated in alveolar epithelial cells, in particular, the role of HIF-3␣, which has been reported to be less important than HIF-1␣ and HIF-2␣ in the regulation of hypoxic genes in other cell types.
Vascular endothelial growth factor. Vascular endothelial growth factor (VEGF), an important growth and permeability factor for endothelial cells, is strongly expressed in the lung. In the alveolar epithelium, VEGF was localized at the luminal surface of alveolar walls, mostly in alveolar epithelial type II cells (57) . In vitro, A549 cells as well as primary rat alveolar epithelial cells express VEGF transcripts and their receptors Flk-1 and Flt-1 (6, 38, 45) . The transcripts correspond to the three major VEGF isoforms previously described: VEGF 121 and VEGF 165 that are secreted in a soluble form and VEGF 189 that remains cell surface associated or is primarily deposited in the extracellular matrix (6) . In normoxic conditions, cultured alveolar epithelial cells secrete VEGF at both apical and basolateral sides, but more abundantly at the basolateral side. In vivo, the presence of VEGF in the bronchoalveolar fluid suggested that VEGF is secreted, at least in part, at the apical surface. VEGF secretion by alveolar epithelial cells may have several important functional roles. First, the basolateral secretion of VEGF may target the capillary endothelium and act through VEGF receptors located on endothelial cells (53) . Second, VEGF may exert autocrine or paracrine regulatory roles through the functional VEGF receptors present on alveolar epithelial cells (8) . Thus, in lung explants, VEGF modulates epithelial cell proliferation and surfactant protein expression, and, in A549 cells, VEGF promotes wound repair and is antiapoptotic (45) . Finally, because VEGF receptor-1 (Flt-1) has been reported to be present on monocytes/macrophages, the activation of which leads to monocyte activation and chemotaxis (11) , it could be hypothesized that apical secretion of VEGF may play a role in the recruitment of immune cells in the alveolar space.
In many tissues, hypoxia is the best-characterized potent inducer of VEGF mRNA expression. This regulation occurs at the transcriptional level by activating HIF-1␣ and/or HIF-2␣, which bind to the HRE region in the VEGF promoter. In alveolar epithelial cells, hypoxia induces an upregulation of VEGF mRNA transcripts due to transcriptional activation of VEGF gene without change in mRNA stability (38) . There is strong evidence that HIF plays a major role in hypoxia-induced VEGF regulation. Targeting HIF-1␣ to the human lung A549 cells markedly attenuated hypoxia-induced VEGF expression (19) . Indeed, in HIF-2␣ knockout mice, alveolar epithelial cells have a deficiency of the VEGF 164 and VEGF 168 isoforms, which leads to insufficient surfactant production and the development of a respiratory distress syndrome at birth. In rat alveolar epithelial cells, hypoxia-induced upregulation of VEGF mRNA transcripts was associated with an increase in VEGF protein levels and protein secretion at the apical side (38) . This observation that VEGF secretion only increased at the apical side during hypoxia is unexpected. However, hypoxia induces a variety of proteins such as inducible endoplasmic reticulum chaperone oxygen-regulated protein, ORP 150, which in macrophages are expressed along with VEGF and promote the intracellular transport and secretion of VEGF (37) . Thus, it could be hypothesized that in alveolar epithelial cells, hypoxia modifies VEGF protein sorting through the modifications of such proteins. The role of increased VEGF secretion in the overall adaptive process of alveolar epithelial cells in response to hypoxia remains to be elucidated.
Adhesion molecules. Alveolar hypoxia by itself can initiate inflammatory process in the respiratory compartment or magnify inflammation during acute lung injury (31, 62) . Although the role of alveolar macrophages in this response is predominant, several data suggest that alveolar epithelial cells may directly participate in the inflammatory process by regulating some adhesion molecules. Alveolar epithelial cells constitutively express intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) (4). ICAM-1 associates the cells with the cytoskeleton and interacts with two ␤ 2 -integrin ligands on leukocytes: LFA-1 and Mac-1, increasing the adhesiveness of neutrophils to alveolar epithelial cells, whereas VCAM-1 promotes lymphocyte and macrophage adhesion. ICAM-1 or VCAM-1 expressions are stimulated by tumor necrosis factor-␣, lipopolysaccharide, interferon-␥, rhinovirus infection as well as mechanical stress. Beck-Schimmer's group (4) has studied the effect of hypoxia on ICAM-1 and VCAM-1 expression in alveolar epithelial cells. Exposure of alveolar type II cells to 10% and 5% O 2 for 1 h induced a twofold increase in mRNA levels through an increase in transcription. This upregulation of ICAM-1 and V-CAM1 mRNAs was followed by a modest increase in protein expression between 2 and 4 h and was suppressed by TNF-␣ antibody, suggesting a strong TNF dependency. This resulted in an increase in neutrophil and macrophage adherence to epithelial cells, an effect blocked by anti-ICAM-1 and anti-VCAM-1 antibodies. Interestingly, a strong TNF-␣ dependency was still demonstrable. These results support a role of adhesion molecules during hypoxia promoting adherence of neutrophils and macrophages to alveolar epithelial cells.
Hypoxia-induced mitogenic factor (HIMF), also called FIZZ-1 or RELM␣, is a cytokine involved in the inflammatory and angiogenic responses. In the lung, HIMF is strongly expressed in the cytoplasm of alveolar type II cells (63) . In normoxic alveolar epithelium, HIMF was reported to increase surfactant protein (SP-B and SP-C) production in mouse lung as well as in A549 cells (55) , VEGF expression, and VCAM-1 expression via activation of PI3-kinase/Akt and ERK1/2 (56, 63) . During hypoxia, HIMF expression dramatically increased at the transcriptional level, possibly under the control of HIF-2␣ (63) . Thus it could be hypothesized that HIMF plays a role in HIF-dependent VEGF regulation. By contrast, the role of HIMF in surfactant regulation during hypoxia remains elusive since hypoxia was reported to decrease pro-SP-C expression in A549 cells.
Effect of Hypoxia on Proteins Involved in Glucose Metabolism
Under basal conditions, alveolar epithelial cells display a high metabolic rate and use glucose for cellular oxidative metabolism, synthesis of surfactant, growth, and differentiation (51) . In vivo and in vitro studies have indicated that lung tissue and alveolar epithelial cells tolerate hypoxia remarkably well, surviving more than 24 h without cellular damage. In diverse tissues and cell types, tolerance to hypoxia is the result of maintenance of adequate energy supply under hypoxia despite the reduction of oxidative metabolism. In lung hypoxic cells, ATP content was maintained close to the normoxic level both in lung tissue of rats exposed to 10% O 2 (52) and in alveolar epithelial cells exposed to 0% O 2 for 24 h (36). The maintenance of ATP level under hypoxia was related to the ability of alveolar epithelial cells to increase anaerobic glycolysis by increasing glucose transport at the membrane level (36) and the activity and expression of glycolytic enzymes (51) and by decreasing oxygen consumption, protein synthesis, and ATP demand (13, 20) .
Effect of hypoxia on glucose transporters. Glucose transport in alveolar epithelial cells takes place through various pathways. Based on in vivo and in vitro studies, glucose enters alveolar epithelial cells mostly by a Na ϩ -independent, carriermediated process (12) . The ubiquitous glucose transporter GLUT-1, which is responsible in most tissues for basal glucose uptake, is predominant in ATII cells (49) . Moreover, the presence of an apical Na ϩ -dependent D-glucose transporter in alveolar epithelial cells was reported in vivo (3), but the results are less consistent in vitro (12) .
In alveolar epithelial cells, hypoxia increases anaerobic glycolysis by upregulating both the glucose transport at the membrane level and the glycolytic enzymes. In cultured alveolar epithelial cells, hypoxia induced a stimulation of deoxy-D-glucose (DG) influx, a glucose analog that is transported by the facilitative glucose transporter, in association with a threefold increase in the glucose transporter GLUT1 at both mRNA and protein levels (36, 57) . The time course of hypoxiainduced increase in DG influx, with no substantial change before 6 h of hypoxia, the prevention of this effect by cycloheximide, an inhibitor of translation, and the parallel recovery during reoxygenation in DG uptake and the level of GLUT-1 mRNA support that these three events are linked. Hypoxiainduced increase in GLUT1 mRNA transcripts was due to increased transcription through HIF-dependent pathway.
The O 2 -sensing mechanisms whereby hypoxia regulates the expression of GLUT1 mRNA transcripts in alveolar epithelial cells are not univocal and result from both a reduced O 2 concentration per se and inhibition of oxidative phosphorylation (36) . This distinction has been made through studies using specific chemical agents that mimic the actions of the different components of the hypoxic response. In normoxic alveolar epithelial cells, GLUT1 mRNA levels and glucose uptake are increased by cobalt chloride, strongly supporting the hypothesis that upregulation of GLUT1 gene is dependent on O 2 deprivation itself. However, inhibition of oxidative phosphorylation by sodium azide in normoxic alveolar epithelial cells is as effective as hypoxia to stimulate glucose transport and increase GLUT1 mRNA levels (36) . That hypoxia-induced GLUT1 gene upregulation results from two different mechanisms was also previously reported in a cell clone derived from hepatoma (5). However, the temporal and spatial contribution of these two mechanisms in hypoxia-induced upregulation of GLUT1 mRNA level in ATII cells remains to be determined.
Effect of hypoxia on glycolytic enzymes. Under normoxic conditions, alveolar epithelial cells display a very high aerobic and anaerobic glycolytic activity. Many years ago, Simon and colleagues (51) reported that hypoxia upregulates the activity of several glycolytic enzymes such as pyruvate kinase and lactate dehydrogenase in alveolar epithelial cells. More recently, Escoubet et al. (16) reported a hypoxic induction of GAPDH mRNA expression in alveolar epithelial cells with an increase in protein synthesis, protein steady-state and enzy-matic activity. Hypoxia-induced GAPDH upregulation was due to an increase in GAPDH gene transcription with no change in mRNA stability. The effects of hypoxia were mimicked by cobalt chloride, suggesting that GAPDH regulation was directly related to O 2 deprivation. The promoter region of the human GAPDH gene contains several HRE (29) , and there is evidence suggesting that hypoxic induction of GAPDH occurs through HIF-1 activation (17) .
Hexokinase (HK) is the rate-limiting enzyme for glucose utilization in the lung. Three isoforms are expressed in the lung: HK-I, HK-II, and HK-III. HK-I is the predominant isoform in human alveolar epithelial cells A549 under normoxic conditions. However, the hypoxic regulation of HK-I remains under debate since Riddle and coworkers (44) reported that this isoform was not regulated by hypoxia, whereas a recent paper by Luo et al. (30) showed that similar experimental hypoxic conditions increased HK-I mRNA levels. HK-II is less expressed in normoxia, but its mRNA expression as well as protein expression and enzymatic activity are dramatically induced by hypoxia (44) . The mechanism of hypoxic induction of HK-II is quite similar to that described for GAPDH: it is a transcriptionally mediated mechanism, directly related to O 2 deprivation. HK genes contain several HRE, and gene activation is inhibited by HIF-1␣-siRNA, suggesting that their upregulation involves an HIF-dependent pathway (30) .
Apoptosis, proliferation, and hypoxia. Alveolar epithelial cells undergo apoptosis during normal and pathological conditions. In the early phase of alveolar hypoxia, destructive changes may occur, causing damage of the alveolar lining layer, apoptosis of alveolar epithelial cells, and lung edema. At the later phase, reactive hyperplasia of alveolar type II cells is predominant. Thus, hypoxia-induced changes in apoptosis and proliferation of alveolar epithelial cells may be central for the maintenance of alveolar epithelium integrity. Alveolar epithelial cells exposed to hypoxia show increased apoptosis, which is dependent on the severity and the duration of exposure, with a maximal effect at 0.5% O 2 for 48 h (7, 27, 59) . The pathways of hypoxia-induced apoptosis are not fully elucidated, and several hypotheses have been drawn that are not exclusive. In A549 cells, hypoxia increased apoptosis concomitantly with the release of cytochrome c and caspase-9 activation (35, 47) . All these changes were fully prevented by a pancaspase inhibitor and anti-apoptotic protein Bcl-XL, indicating that hypoxia activates caspase-dependent and proapoptotic pathways. The role of apoptotic proteins in hypoxia-induced apoptosis was also evidenced in primary alveolar type II cells: hypoxia upregulated the proapoptotic protein Bnip3L, which belongs to the Bcl-2 family, and the increase in apoptosis was blocked by the Bnip-3L siRNA (27) . The putative role of HIF-1 in hypoxia-induced apoptosis has been evoked in several studies. In primary alveolar epithelial cells, HIF-1␣ siRNA plasmid transfection blocked hypoxia-induced apoptosis, whereas HIF-␣ overexpression increased apoptosis in normoxic cells. Krick et al. (27) demonstrated that hypoxia-inducible expression of Bnip-3L was HIF dependent and considered Bnip-3L as an important mediator of the HIF-1␣ signaling pathway leading to cell death. In a second hypothesis, HIF may play a role through the upregulation of glycolytic pathway. In A549 cells, knocking down HIF-1␣ inhibited glycolysis, increased the pH of the culture medium, and protected the cells from hypoxia-induced apoptosis (30) . These studies suggest a primordial role of HIF in hypoxia-induced apoptosis and underscore the possibility that HIF acts through several pathways. Concomitantly to increased apoptosis, hypoxia limits cell proliferation. In alveolar epithelial cells, hypoxia led to cell cycle arrest by significant increase in the G 0 /G 1 phase and decrease in the S phase (27, 59) . Cell cycle arrest occurred in the same time frame as apoptosis in both A549 and primary alveolar epithelial cells. RNA interference targeting HIF-1␣ to human lung A549 suppressed the shift from S phase to G phase, supporting a role of HIF-1␣ in oxygen-dependent cell cycle regulation (19) . These data suggest that hypoxia adversely affects their ability to proliferate and could have an impact on healing after epithelial injury (31, 62) .
Sodium transport proteins and hypoxia. The alveolar epithelium forms a tight barrier to movement of liquid and proteins from the interstitial and vascular spaces, thus assisting in maintaining relatively dry alveoli. During acute respiratory distress syndrome or at high altitude, alveoli flood with edema, thus impairing gas exchange (33) . Active sodium transport is the primary mechanism responsible for removal of fluid from the distal air spaces (3) . Overall, the process of transepithelial sodium transport can be considered a two-step process. Sodium enters the apical side of alveolar epithelial cells via amiloridesensitive (ENaC) and amiloride-insensitive pathways and is actively extruded at the basolateral side through the ouabainsensitive Na-K-ATPase. Alveolar fluid is reabsorbed across the epithelium by the resulting osmotic gradient (34) . The question of whether hypoxia can regulate sodium transport proteins and thus modify edema reabsorption has been addressed largely in recent years.
Several studies indicate that hypoxia alters sodium transport in alveolar epithelial cells. Both in vitro and in vivo studies clearly show that decreased O 2 tension reduces the capacity of alveolar epithelial cells to actively transport sodium across alveolar epithelium. In alveolar epithelial cells, hypoxia (0% and 3% O 2 ) inhibits dome formation, decreases both amiloridesensitive 22 Na influx and Na-K-ATPase activity (14, 32, 41, 42) , and reduces amiloride-sensitive short-circuit current (32) , suggesting that transepithelial sodium transport is impaired. The mechanisms whereby hypoxia decreases transepithelial sodium transport depends on the severity and the length of the hypoxic exposure. For long exposure times (Ͼ12 h), the decrease in amiloride-sensitive sodium channel and Na-KATPase activity was associated with a parallel decline in mRNA levels of the three subunits forming ENaC (␣-, ␤-, ␥-ENaC) and of ␣ 1 and ␤ 1 Na-K-ATPase subunits, and in the rate of ␣-ENaC protein synthesis, indicating a transcriptional or posttranscriptional regulation (41) . For short exposure time (3-h exposure), the decrease in 22 Na influx and Na-K-ATPase activity preceded any detectable change in mRNA levels, a finding that suggests that other mechanisms may be involved, including decreased efficiency in the translation of rENaC mRNA or in apical membrane trafficking of ENaC subunits, abnormal degradation or internalization of the channel protein, or hypoxia-induced modification of intracellular signals (41) .
The decrease in gene expression of sodium proteins likely represents the direct effect of hypoxia and raises the question of whether gene expression for sodium channels and Na-KATPase is regulated by ambient PO 2 in alveolar epithelial cells. In support of this hypothesis, an increase in O 2 tension upregulated the level of ENaC mRNA transcripts in alveolar type II cells. In rat fetal distal lung epithelial cells in culture, the transfer of the cells from 3% O 2 to 21% O 2 concentrations upregulates ␣-, ␤-, and ␥-ENaC subunit mRNA levels as well as sodium channel activity (2, 39) . Exposure of rats to sublethal hyperoxia (85% O 2 ) increased alveolar epithelial cell ␣-rENaC mRNA level (69) . In addition, it has been reported that ␣ 1 and ␤ 1 Na-K-ATPase subunit mRNA levels both increased in alveolar epithelial cells from rats exposed to hyperoxia (25) . The mechanism whereby O 2 tension regulates sodium channels and Na-K-ATPase gene expression is thought to be transcriptional. Activation of ENaC by increased O 2 concentration is associated with NF-B activation consistent with the identification of NF-B transcription binding sites in the ␣-ENaC promoter region (43) . In addition to the potential role for an O 2 -responsive element in the ENaC promoter, it is also possible that there are other genes that are O 2 responsive and alter ENaC expression through their expressed protein or metabolic products. During less severe hypoxia or short hypoxic exposure times, the decrease in sodium transport was rather related to reduced sodium protein expression in the apical and basolateral membranes, whereas the mRNA transcripts of ENaC and Na-K-ATPase subunits and intracellular pool of sodium proteins were unchanged (40, 61) . Several studies in alveolar epithelial cells indicate that hypoxia alters the trafficking of sodium proteins between the cytosol and the membrane. In A549 cells, hypoxia (1.5% O 2 for 60 min) decreased Na-KATPase activity by promoting the endocytosis of ␣ 1 and ␤ 1 Na-K-ATPase protein subunits (14) . Planès et al. (40) reported that during moderate hypoxia (3% O 2 for 18 h), the decrease in sodium channels in the apical membrane was restored by ␤ 2 -agonists, which favored the trafficking of proteins from the cytosol to the membrane. The mechanisms whereby hypoxia promotes endocytosis of sodium proteins are not fully elucidated. Several possibilities that are not exclusive have been evoked. Dada and coworkers (14) reported that during severe and short-term hypoxia, mitochondrial ROS activate PKC-, which phosphorylates Na-K-ATPase pumps at the plasma membrane and decreases Na-K-ATPase activity. More recently, the same group showed that hypoxia-induced plasma membrane Na-K-ATPase degradation required the functional pVHL E3 ligase and Ubc5 (13, 70) . The generation of mitochondrial ROS was necessary for pVHL-mediated sodium pump degradation, and this effect was independent of hypoxiainduced HIF stabilization.
Summary
Alveolar epithelial cells are tolerant to hypoxia. They have the ability to cope with oxygen deprivation by adaptive mechanisms that allow them to maintain an ATP content near to those of normoxic cells. This adaptation occurs through downregulation of genes involved in processes that consume ATP, such as Na-K-ATPase, and upregulation of genes involved in processes that produce ATP, such as glycolytic enzymes or glucose transporter. Moreover, we also described the regulation of other genes involved in cell differentiation, apoptosis, or adhesion molecules. HIFs are central to the regulation of genes involved in hypoxic responses and adaptive processes. Despite the substantial gains made in our understanding of O 2 -dependent regulation of hypoxic response pathway, many questions remain unanswered. What is the effect of hypoxia on surfactant protein gene expression? What is the functional relevance of upregulation of some genes such as VEGF, HIMF, and adhesion molecules? What is the precise role of each HIF-␣ isoform in the hypoxic gene regulation? Further studies are needed to answer these questions.
